Abstract All codified methods for measuring the packing density of aggregate are carried out under dry condition. However, these dry packing methods do not account for the effect of water in the concrete mix. In a previous study, a wet packing method for measuring the packing density of fine aggregate under wet condition has been developed and it was found that the packing density of fine aggregate can be substantially higher under wet condition than dry condition. Nevertheless, many researchers still believe that for coarse aggregate, it does not matter much whether the packing density is measured under dry or wet condition. In this study, the wet packing method was extended to measure the packing density of coarse aggregate and blended fine and coarse aggregate. The results revealed that whilst the packing density of coarse aggregate is only slightly higher under wet condition than dry condition, the packing density of blended fine and coarse aggregate is highly dependent on whether the aggregate is dry or wet. Hence, when measuring the packing density of blended aggregate, the wet packing method should always be used.
Introduction
The packing density of particles, which is defined as the ratio of the solid volume of the particles to the bulk volume occupied by the particles, is a fundamental parameter governing the properties of many materials made from particles such as ceramics [1] and is thus an important topic in powder science and technology [2] . Since concrete is also made largely of particles, its properties are greatly affected by the packing density of its solid ingredients. Hence, research on the packing density of the solid ingredients, including the aggregate particles and cementitious materials, can help to improve our understanding of the behavior of concrete.
Early in 1960s, Powers [3] postulated that it is the excess paste (the paste in excess of the amount needed to fill the voids between the aggregate particles) that lubricates the concrete mix. Therefore, at the same paste volume, a higher packing density of the aggregate would increase the amount of excess paste and lead to a higher workability. Alternatively, at the same workability requirement, a higher packing density of the aggregate would allow the use of a smaller paste volume to increase the dimensional stability, and reduce the cement consumption, cost of production and carbon footprint of the concrete.
Following the geometric similarity principle, it may be postulated that it is the excess water (the water in excess of the amount needed to fill the voids between the cementitious materials) that lubricates the cement paste. Therefore, a higher packing density of the cementitious materials would at the same water content lead to a higher flowability of the cement paste or at the same flowability requirement allow the use of a lower water/cementitious materials (W/CM) ratio to increase the strength and durability. For instance, in the 1990s, De Larrard and Sedran [4] and Lange et al. [5] maximized the packing density of the cementitious materials to reduce the W/CM ratio and thus improved the strength and durability of the mortar produced. In 2008, Kwan and Wong [6] demonstrated by packing density and flowability measurements that blending of cement with appropriate proportions of pulverized fuel ash and condensed silica fume can increase the packing density of the cementitious materials and thereby increase the flowability of the cement paste formed.
Rather than considering the aggregate or the cementitious materials separately, it has also been suggested that when maximizing the packing density, all the solid particles in the concrete mix should be considered concurrently. In 1996, Sedran et al. [7] proposed to maximize the packing density of the entire granular skeleton, including the aggregate and the cementitious materials, for the production of selfconsolidating concrete (SCC). Their rationale was simply that the excess water (in this context, the water in excess of the amount needed to fill the voids between all solid particles) lubricates not only the cement paste but also the whole concrete mix. Later, in 2005, Brouwers and Radix [8] advocated that whilst the packing of the aggregate plays a major role, the packing of all solid particles in the concrete mix should be the basis for the mix design of SCC.
Meanwhile, theoretical packing models have been developed for modeling the packing of multi-blended solid particles (two or more size classes of particles blended together). These are useful tools for predicting the packing densities of cement paste, mortar and concrete (herein, the packing density of a solid-water mixture means the packing density of the solid particles in the mixture), and for packing density optimization. In 1930, Westman and Hugill [9] established the linear packing theory, which has been used as the basis for the development of several packing models, such as those developed by Yu et al. [10] and by De Larrard [11] . There are also packing models, which consider successively double-blended solid particles (two size classes of particles blended together) to evaluate the packing density of multiblended solid particles, such as those developed by Tourfar as cited in Ref. [12] and by Dewar [13] . More recently, Wong and Kwan [14] and Kwan and Fung [15] compared their experimentally measured packing density results with the theoretically predicted results by existing packing models to counter check the accuracies of the experimental results and the applicability of the existing packing models. Apart from packing models, computer simulations have also been developed to study the packing of particles [16] [17] [18] .
However, the packing densities of cement paste, mortar and concrete have rarely been directly measured. For fine and coarse aggregates, there are codified test methods for measuring the packing density under dry condition [19] [20] [21] [22] , but for cementitious materials, there is up to now no generally accepted test method for measuring the packing density under dry or wet condition. Besides, it should be noted that the dry packing methods have the major problems that the measured packing density is sensitive to the amount of compaction applied [23] and that they do not include the possible effect of water. These problems are more serious when finer particles are dealt with because the inter-particles forces causing agglomeration and loose packing [24, 25] are then comparatively larger. Hence, the dry packing methods are not applicable to cementitious materials. To resolve these problems, Wong and Kwan [26] have, in 2008, developed a wet packing method for measuring the packing density of cementitious materials under wet condition. This method has been employed to study the effect of packing density on rheology of cement paste [27, 28] . Later, it was extended for application to fine aggregate [29] and employed to study the effect of packing density on rheology of mortar [30, 31] .
It is a common belief that the effect of water on the packing density of aggregate is not significant because the aggregate particles are relatively large. However, this belief has never been proven by actual packing density measurements under both dry and wet conditions. Recently, in the course of research on the wet packing of fine aggregate [29] , it was found that the packing density of fine aggregate can be 24% higher under wet condition than dry condition. Hence, the effect of water on the packing density of fine aggregate is not small at all.
In this research, the wet packing method was extended to measure the packing densities of coarse aggregate and blended fine and coarse aggregate under wet condition. Using this wet packing method, the wet packing densities of coarse aggregate and blended fine and coarse aggregate were measured with or without compaction applied and with or without superplasticizer added. The wet packing density results were compared with the respective dry packing density results obtained by the conventional dry packing method to study the effect of water. Furthermore, the effects of compaction, superplasticizer, blending of different size aggregates together and particle size ratio were also investigated. This is an important step for further development of the wet packing method, which is an indispensable tool for studying the effects of packing density and for incorporating the concept of packing into mix design methods for high-performance concrete.
Definition of terms
For clarification, the terms describing the packing of a particle system are first defined herein. In the bulk volume of solid particles, the interstitial space between the particles can be described by either the voids content or the voids ratio. The voids content (denoted by e) is defined as the ratio of the volume of voids to the bulk volume of the particles while the voids ratio (denoted by u) is defined as the ratio of the volume of voids to the solid volume of the particles. They are inter-related by:
Depending on the moisture condition, the voids may be filled with water or air or both. The water content (denoted by e w ) is defined as the ratio of the volume of water to the bulk volume of the particles and the water ratio (denoted by u w ) is defined as the ratio of the volume of water to the solid volume of the particles. Similarly, the air content (denoted by e a ) is defined as the ratio of the volume of air to the bulk volume of the particles and the air ratio (denoted by u a ) is defined as the ratio of the volume of air to the solid volume of the particles. These terms are related to each other by:
e ¼ e w þ e a ð3Þ
On the other hand, the solid concentration (denoted by /) is defined as the ratio of the solid volume of the particles to the bulk volume of the particles. It is given by:
3 Testing program and methods
The purposes of the testing program were to measure and compare the packing densities of non-blended fine aggregate, non-blended coarse aggregate and blended fine plus coarse aggregate under different conditions. Four size classes of aggregate, including one size class of fine aggregate, named as F1, and three size classes of coarse aggregate, named as C1, C2 and C3, were used for the packing density tests. F1 was a fine aggregate with particle size smaller than 1.18 mm (all passed through 1.18 mm sieve), whereas C1, C2 and C3 were coarse aggregates with particle sizes ranging from 5 to 10 mm (passed through 10 mm sieve but retained on 5 mm sieve), from 10 to 14 mm (passed through 14 mm sieve but retained on 10 mm sieve) and from 14 to 20 mm (passed through 20 mm sieve but retained on 14 mm sieve), respectively, as depicted in Table 1 . In order to investigate the effects of water, compaction and superplasticizer (SP), a total of six testing conditions were applied, as summarized in Table 2 and explained later. From each size class, a non-blended aggregate sample was taken for packing density tests, as listed in the first column of Table 3 . Furthermore, blended aggregate samples were produced by blending different proportions of fine aggregate (F1) and coarse aggregate (C1, C2 or C3) together. The mix proportions of a blended aggregate sample were defined in terms of the fine to total aggregate (F/T) ratio, which varied from 0.00 (no fine aggregate) to 1.00 (all fine aggregate) in steps of 0.05 or 0.10. For easy identification, each blended aggregate sample was assigned a sample number in the form of X ? Y -Z, in which X denotes the size class of fine aggregate (F1), Y denotes the size class of coarse aggregate (C1, C2 or C3) and Z denotes the F/T ratio. In total, 36 blended aggregate samples were produced for packing density tests, as listed in the first column of Table 4 .
Dry packing tests
The test methods stipulated in British Standard BS 812: Part 2: 1995 [20] for measuring uncompacted and compacted packing densities of aggregate were adopted. Herein, the testing conditions under which the uncompacted and compacted packing densities were determined are designated as D1 and D2, respectively (see Table 2 ). For testing under condition D1, the aggregate sample was filled into the container for packing density measurement without applying any compaction. For testing under condition D2, the aggregate sample was filled into the container in three equal portions and each time after filling a one-third portion, the aggregate in the container was compacted by applying 20 compactive blows with a metal tamping rod. In this research, for each non-blended aggregate sample, the sample was first used for measuring the uncompacted packing density under condition D1, and then remixed and reused for measuring the compacted packing density under condition D2. This was to study the effect of compaction on the dry packing density. For each blended aggregate sample, only the uncompacted packing density under condition D1 was measured because the tests on blended aggregate samples were mainly to study the effects of water and SP, not compaction.
Wet packing tests
The test method employed was essentially the same as the wet packing method developed previously for fine aggregate by the authors' research team [29] . It involved the following steps: mixing with water and SP (if any), filling into a container, compaction (if any) and bulk density measurement. First, the aggregate sample was thoroughly mixed with predetermined amounts of water and SP (if any). Then, the mixture was filled into the container. During filling, compaction was applied to the mixture, if required. Finally, the bulk density of the mixture was measured to evaluate the solid concentration of the particles. The container used was the same as that stipulated in BS 812: Part 2: 1995 [20] for dry packing tests. Four different testing conditions, namely, W1, W2, W3 and W4 (see Table 2 ), have been applied during the wet packing tests. Under conditions W1 and W2, no SP was added, while under conditions W3 and W4, SP was added to the aggregate-water mixture. On the other hand, under conditions W1 and W3, no compaction was applied, while under conditions W2 and W4, compaction was applied to the mixture in the container by applying 20 compactive blows with a metal tamping rod every time after filling a one-third portion into the container (same as that applied under condition D2 during the dry packing tests). For the non-blended aggregate samples, each sample was subjected to the wet packing tests under all the four conditions W1, W2, W3 and W4. This was to study the effects of compaction and SP on the wet packing density. For the blended aggregate samples, each sample was subjected to the wet packing tests only under the conditions W1 and W3 because the tests on blended aggregate samples were mainly to study the effects of water and SP, not compaction. Under wet condition, the spatial distribution of solid particles is dependent on the water/solid ratio by volume, which is abbreviated herein as W/S ratio (note that the W/S ratio is the same as the water ratio). At a W/S ratio higher than that at saturation state, a suspension is formed and the particles are dispersed in the water, causing the solid concentration to decrease as the W/S ratio increases. On the other hand, at a W/S ratio lower than that at saturation state, the water added is not sufficient to fill up the voids. As a result, air is trapped inside the voids and water bridges are formed between the particles, causing the solid concentration to decrease as the W/S ratio decreases. Hence, there is an optimum W/S ratio, called basic water ratio, at which the solid concentration reaches its maximum value and the particles are most closely packed. The maximum solid concentration so achieved is taken as the wet packing density. In order to determine the wet packing density, therefore, it is necessary to find out the solid concentrations at different W/S ratios over a range wide enough to cover the optimum W/S ratio. With no previous data to help decide on an appropriate range, it is suggested to start at a low W/S ratio of 0.2 for the first test and then successively increase the W/S ratio for further tests.
The test procedures of the wet packing test are described below: (f) Pour the mixture into the mixing bowl and run the mixer for 3 min. Then repeat steps (d) and (e) for another bulk density measurement. Calculate the mean of the two bulk density measurements as the bulk density result. (g) Repeat steps (a) to (f) at successively higher W/S ratios by adding more water until the maximum solid concentration has been found.
From the bulk volume of the mixture (denoted by V), which is the same as the volume of the container, and the solid volume of the aggregate (denoted by V s ), which can be determined from the W/S ratio and the weight of the mixture, the voids ratio u and solid concentration / can be determined as:
Plotting the voids ratio u and solid concentration / against the W/S ratio, the minimum voids ratio and maximum solid concentration can be determined.
Materials
Both the fine and coarse aggregates were obtained from crushed granite rock. Only one size class of fine aggregate with a maximum size of 1.18 mm was used. This size class, denoted by F1, was obtained by sieving crushed rock fine through the 1.18 mm sieve and discarding the portion retained on the 1.18 mm sieve. The particle size distribution of F1, measured using a laser diffraction method, is presented in Fig. 1 . From the particle size distribution, the mean particle size of F1 has been calculated as 0.31 mm. On the other hand, three size classes of coarse aggregates, denoted by C1, C2 and C3, were used. They were obtained by sieving coarse aggregate through the 20, 14, 10 and 5 mm sieves. After sieving, the aggregate particles retained on the 5, 10 and 14 mm sieves were collected to become C1, C2 and C3, respectively. Since each size class falls within a narrow size range, each of C1, C2 and C3 may be regarded as single-sized having a mean size equal to the geometric mean of the lower and upper sieve sizes, as presented in Table 1 .
The solid densities of F1, C1, C2 and C3 under saturated and surface dry condition were measured to be 2660, 2531, 2579 and 2599 kg/m 3 , respectively. Furthermore, the moisture contents of F1, C1, C2 and C3 were measured as 0.45%, 0.23%, 0.35% and 0.37%, respectively, while the water absorptions of F1, C1, C2 and C3 were measured as 1.02%, 0.81%, 0.67% and 0.52%, respectively. All these measurements were carried out in accordance with BS 812: Part 2: 1995 [20] . The above moisture content and water absorption were taken into account in the calculation of the test results. From the particle size distribution and the mean sizes, the specific surface areas of F1, C1, C2 and C3 were calculated as 2.12 9 10 5 , 755, 507 and 359 m 2 /m 3 , respectively. The SP added was a third-generation polycarboxylate-based admixture with a solid content of 20% and a relative density of 1.03. According to the supplier, the normal dosage of this SP in terms of liquid mass should be 0.5-3.0% of the cement content by mass. Since SP actually acts on the particle surfaces, the SP dosage should better be designed according to the total surface area of the solid particles in the solid-water mixture. Assuming that cement has a typical specific surface area of 1.10 9 10 6 m 2 /m 3 and a typical solid density of 3100 kg/m 3 , a typical SP dosage of 1.0% of the cement content by mass corresponds to 2.82 9 10 -5 kg/m 2 of SP per surface area of the solid particles. As only aggregate was dealt with, the SP dosage used in this research was set simply as 2.82 9 10 -5 kg/m 2 of SP per surface area of aggregate. For each aggregate sample, the total surface area of the aggregate was first calculated and then the SP dosage was determined by multiplying the total surface area with the above SP dosage per surface area.
Results and discussions

Variations of voids ratio and solid concentration with W/S ratio
For illustration, the variations of the voids ratio u and solid concentration / with the W/S ratio obtained during the wet packing test of a typical aggregate sample F1 ? C3-0.60 are plotted in Fig. 2 . From the curves plotted, it can be seen that there was an optimum W/S ratio, called the basic water ratio, at which the voids ratio reached a minimum value and the solid concentration reached a maximum value. Similar variations of the voids ratio and solid concentration with the W/S ratio were obtained for all the other aggregate samples tested. In each case, the maximum solid concentration so determined was taken as the packing density of the aggregate sample tested. However, it should be noted that the basic water ratio is not necessarily equal to the minimum voids ratio because there may be entrapped air causing the air ratio to be non-zero when minimum voids ratio occurs. Hence, the basic water ratio should not be mistaken as the minimum amount of water needed to fill up the voids.
Packing density results of non-blended aggregate
The packing density results of the non-blended aggregates F1, C1, C2 and C3 under the testing conditions D1, D2, W1, W2, W3 and W4 are presented in Table 3 . From the table, it is obvious that the packing density of the fine aggregate F1 was within 0.542-0.681, the packing density of the coarse aggregate C1 was within 0.487-0.563, the packing density of the coarse aggregate C2 was within 0.501-0.559, and the packing density of the coarse aggregate C3 was within 0.515-0.554. On the whole, the packing density of the fine aggregate was higher than the packing density of every coarse aggregate under any testing condition. This was because the fine aggregate has a much wider size range than every coarse aggregate. From these results, the effects of water, compaction and SP on packing density can be evaluated, as presented in the following paragraphs.
Comparing the packing density results under the wet conditions W1 and W2 to those under the dry conditions D1 and D2, it can be seen that regardless of whether compaction was applied and whether the aggregate was fine or coarse, the packing density of the aggregate was generally higher under wet condition than dry condition. Without compaction applied, the presence of water increased the packing density of F1, C1, C2 and C3 by 18.3%, 3.1%, 1.8% and 1.7%, respectively. With compaction applied, the presence of water increased the packing density of F1, C1, C2 and C3 by 6.0%, 3.3%, 2.0% and 0.4%, respectively. Evidently, the presence of water has very large effect on the packing density of fine aggregate but little effect on the packing density of coarse aggregate. Relatively, the effect of water on the packing density of fine aggregate was larger under the uncompacted condition.
Comparing the packing density results under the compacted conditions D2 and W2 to those under the uncompacted conditions D1 and W1, it can be seen that regardless of the water condition and whether the aggregate was fine or coarse, the packing density of the aggregate was generally higher with compaction applied. Under dry condition, the compaction increased the packing density of F1, C1, C2 and C3 by 17.0%, 11.5%, 9.0% and 7.0%, respectively. Under wet condition, the compaction increased the packing density of F1, C1, C2 and C3 by 4.8%, 11.8%, 9.2% and 5.5%, respectively. Whilst the dry packing density of fine aggregate was quite sensitive to compaction, the wet packing density of fine aggregate was less sensitive to compaction. This was because under wet condition, the fine aggregate already achieved a fairly high packing density even without compaction and thus further increase in packing density due to compaction was limited.
Comparing the packing density results under the conditions W3 and W4 to those under the conditions W1 and W2, it can be seen that regardless of whether compaction was applied and whether the aggregate was fine or coarse, the packing density of the aggregate was generally higher with SP added. Without compaction applied, the addition of SP increased the packing density of F1, C1, C2 and C3 by 1.7%, 0.6%, 0.2% and 0.0%, respectively. With compaction applied, the addition of SP increased the packing density of F1, C1, C2 and C3 by 1.3%, 0.4%, 0.4% and 0.2%, respectively. Overall, the addition of SP has a slight beneficial effect on the packing density of fine aggregate but very little effect on the packing density of coarse aggregate.
Packing density results of blended aggregate
The packing density results of the blended aggregates F1 ? C1, F1 ? C2 and F1 ? C3 with different F/T ratios under the testing conditions D1, W1 and W3 are presented in Table 4 and plotted against the F/T ratio in Figs. 3, 4 and 5. These results revealed that under dry condition, the packing density of the blended aggregate was within 0.487-0.754. With water but no SP added, the packing density was increased to within 0.502-0.805 while with both water and SP added, the packing density was further increased to within 0.505-0.811. Hence, both the water and SP added have some effects on the packing density of blended aggregate.
Comparing the packing density results under the condition W1 to those under the condition D1, it can be seen that for all blended aggregate samples, regardless of the F/T ratio, the wet packing density was significantly higher than the corresponding dry packing density. Such effect of water may be studied in terms of the increase in packing density due to the addition of water, as tabulated in the sixth column of Table 4 . From the tabulated values, it is evident that the effect of water varied from smaller than 4% when the F/T ratio was relatively low and close to 0 to as large as 18% when the F/T ratio was relatively high and close to 1. From the curves plotted in Figs. 3, 4 and 5 for the packing densities under conditions D1 and W1, it is also evident that the presence of water would affect the optimum F/T ratio at which the maximum packing density would be achieved. Generally, the optimum F/T ratio for maximum packing density was slightly lower under wet condition than dry condition. Comparing the packing density results under the condition W3 to those under the condition W1, it can be seen that for all blended aggregate samples, regardless of the F/T ratio, the wet packing density was slightly higher with SP added. Such effect of SP may be studied in terms of the increase in packing density due to the addition of SP, as tabulated in the seventh column of Table 4 . However, as can be seen from the tabulated values, the effect of SP was smaller than 2% in all cases and thus generally negligible. Since the effect of SP is dependent on the type and dosage of the SP added and the actual effect is rather small, it is suggested that for standard test of aggregate, it is better not to add any SP to avoid variations due to SP.
Effects of blending under dry and wet conditions
In theory, blending of different size aggregates together so that the smaller size particles would fill into the voids between the larger size particles would increase the packing density of the aggregate. However, the increase in packing density due to blending is dependent on many factors, including the mix proportions and size ratios of the different size aggregates blended together. In this research, the opportunity was taken to study the effects of blending under dry and wet conditions.
The effects of blending F1 with C1, F1 with C2 and F1 with C3 are shown in Figs. 3, 4 and 5, respectively. All the curves plotted in these figures reveal the following phenomenon. At a F/T ratio of 0, the packing density was the same as that of the coarse aggregate. As the F/T ratio increased, the packing density increased because the smaller size particles of the fine aggregate were filling into the voids between the larger size particles of the coarse aggregate (this is called filling effect). However, after reaching a certain optimum F/T ratio, the packing density stopped increasing and started to decrease as the F/T ratio further increased. This was because beyond the optimum F/T ratio, the amount of fine aggregate added was more than sufficient to fill up the voids in the coarse aggregate causing the particles of the coarse aggregate to be pushed apart to attain a lower solid concentration. Nevertheless, the packing density of the blended aggregate was still higher than that of the fine aggregate and that of the coarse aggregate. This was because although the particles of the coarse aggregate were pushed apart to attain a lower solid concentration, they were still contributing to an increase in packing density by occupying solid volumes in the porous bulk volume of the fine aggregate (this is called occupying effect). Finally, as the F/T ratio increased to 1, the packing density of the blended aggregate decreased to become the same as that of the fine aggregate. A full account of this phenomenon has been given by De Larrard [11] . It is noteworthy from the present results that the increase in packing density due to blending revealed by the dry packing tests and the corresponding increase revealed by the wet packing tests are not quite the same. The dry packing tests revealed that by blending F1 with C1, F1 with C2 and F1 with C3, the packing density could be increased by 40.0% from 0.487 to 0.682, by 44.3% from 0.501 to 0.723, and by 46.4% from 0.515 to 0.754, respectively. However, the wet packing tests revealed that by blending F1 with C1, F1 with C2 and F1 with C3, the packing density could be increased by 48.4% from 0.502 to 0.745, by 51.6% from 0.510 to 0.773, and by 53.6% from 0.524 to 0.805, respectively. In general, the packing density improvement is larger under wet condition than dry condition. As a fresh concrete mix is actually wet, the full potential of blending for packing density improvement is better revealed by the wet packing tests than the dry packing tests.
It should be also noted that the optimum F/T ratio for maximum packing density revealed by the dry packing tests was generally larger than the corresponding optimum F/T ratio revealed by the wet packing tests. The dry packing tests revealed that the optimum F/T ratios for the F1 ? C1, F1 ? C2 and F1 ? C3 blends were 0.55, 0.40 and 0.40, respectively, whereas the wet packing tests revealed that the optimum F/T ratios for the F1 ? C1, F1 ? C2 and F1 ? C3 blends were 0.50, 0.35 and 0.35, respectively. Hence, under wet condition, a smaller amount of fine aggregate is needed to achieve maximum packing density. This may be explained in terms of the role played by the water, which lubricates the particles, especially those of the fine aggregate, so that the fine aggregate can fill better into the voids in the coarse aggregate.
To study the effect of size ratio on the packing density of blended aggregate, the packing density results of all aggregate samples under the dry condition D1 and the wet condition W1 are plotted in Fig. 6 . Herein, the size ratio is taken as the ratio of the mean particle size of the finer aggregate to that of the coarser aggregate. For the F1 ? C1, F1 ? C2 and F1 ? C3 blends, the size ratios are 0.044, 0.026 and 0.019, respectively. From Fig. 6 , it can be seen that under the same dry or wet condition, the packing density curve of F1 ? C2 is always higher than that of F1 ? C1 whereas the packing density curve of F1 ? C3 is always higher than that of F1 ? C2. This indicated that under the same dry or wet condition and at the same F/T ratio, the packing density always increased in the order of F1 ? C1 to F1 ? C2 to F1 ? C3.
The above observation may be explained in terms of the loosening effect of the fine aggregate and the wall effect of the coarse aggregate. While the fine aggregate fills into the voids of the coarse aggregate to increase packing density, the finite size of the fine aggregate may not fit well into the voids thus loosening the coarse aggregate (this is called loosening effect). On the other hand, while the coarse aggregate occupies solid volumes to increase packing density, the porosity of the fine aggregate near the coarse aggregate surfaces tends to increase thus reducing the solid concentration of the fine aggregate there (this is called wall effect). As explained by De Larrard [11] , both the loosening and wall effects are generally smaller at smaller size ratio and larger at larger size ratio. Hence, a smaller size ratio would lead to larger beneficial effect of blending whereas a larger size ratio would lead to smaller beneficial effect of blending. This agrees with the general observation that a larger size range would yield a higher packing density. 
Conclusions
In order to measure the packing density of blended fine and coarse aggregate under wet condition (the actual condition in fresh concrete), the wet packing method recently developed by the authors' research team has been extended for application to blended aggregate. This extended method mixes the aggregate particles with water, measures the solid concentration of the aggregate-water mixture formed at varying water/solid ratio and determines the packing density of the aggregate as the maximum solid concentration achieved. As a part of the development process, the wet packing method was compared to the dry packing method by applying both methods to non-blended and blended aggregate samples with or without compaction applied and with or without superplasticizer added. For non-blended aggregates, the test results revealed that the water present could increase the packing density of fine aggregate by as much as 18% but would only marginally increase the packing density of coarse aggregate. The compaction applied would increase the packing densities of both fine and coarse aggregates. However, the effect of compaction on fine aggregate is smaller under wet condition than dry condition. The superplasticizer added would also increase the packing densities of both fine and coarse aggregates but the effect is generally small. For the blended fine and coarse aggregates, the test results revealed that the wet packing density is generally higher than the corresponding dry packing density, especially when the fine aggregate content is high. As for non-blended aggregate, the effect of superplasticizer on blended aggregate is generally beneficial but small.
However, the effects of blending revealed by the dry packing tests and those revealed by the wet packing tests are not quite the same. First, the increase in packing density due to blending is generally larger under wet condition than dry condition. Hence, the full potential of blending for packing density improvement is better revealed by the wet packing tests. Second, the optimum fine to total aggregate ratio for achieving maximum packing density is generally lower under wet condition than dry condition. Hence, under wet condition, a smaller amount of fine aggregate is needed to achieve maximum packing density. Nevertheless, both the dry and wet packing test results revealed that increasing the size range of the blended aggregate would significantly increase the packing density.
Lastly, it is advocated that the dry packing method should be replaced by the wet packing method for the following reasons. First, the wet condition is more realistic because fresh mortar and concrete are actually wet. Second, if so desired, the effect of superplasticizer may be incorporated. Third, the beneficial effect of blending is better revealed. Fourth, the wet packing method may be used together with that for cementitious materials [26] to measure the packing density of all the solid particles in mortar and concrete.
